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(57) ABSTRACT

In electronically controlling the opening of a throttle valve
mounted 1n an intake system of an engine, the opening is
controlled through a sliding mode control, based on a control
amount mcluding a control amount portion proportional to
the switching function and a control amount portion corre-
sponding to a nonlinear spring torque of a return spring
urging said throttle valve 1n a direction to reduce the throttle
valve opening. According to this constitution, the response
characteristic of the control unit 1s maintained while
restraining overshoot, enabling the opening to converge to
the target opening promptly while shiding along a switching
plane. Further, since said control amount includes the con-
trol amount portion corresponding to the nonlinear spring
torque of the return spring, uncertainty element 1s reduced,
to thereby perform a high response control.

16 Claims, 4 Drawing Sheets
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SLIDING MODE CONTROL UNIT OF
ELECTRONICALLY CONTROLLED
THROTTLE DEVICE

FIELD OF THE INVENTION

The preset invention relates to a sliding mode control unit
for controlling a throttle device of an engine that 1s con-
trolled electronically (hereinafter called an electronically
controlled throttle device).

DESCRIPTION OF THE RELATED ART

Heretofore, 1t 1s common for an electronically controlled
throttle device to apply a PI control using a P portion and an
I portion, or a PID control further using a D portion, based
on a deviation (error amount) between the target opening
and the actual opening of a throttle valve. However, accord-
ing to the PI control or the PID control, robust characteristic
is low (easily influenced by disturbance), and the accuracy
of the throttle control having a nonlinear property 1s mnsui-
ficient.

On the other hand, a sliding mode control 1s known as a
control method having high robust characteristics with
restraining influence from disturbance. Application of the
sliding mode control to the throttle control realizes a highly
accurate control of the throttle valve opening with high
robust characteristics (refer to Japanese Unexamined Patent

Publication No. 7-133739).

However, according to the conventional sliding mode
control, the object of control did not converge promptly to
the switching plane when the target value was changed
orcatly. That 1s, when the state of the control object 1is
separated greatly from the switching plane, 1f the speed for
approaching the state of the control object to the switching
plane 1s simply increased, the control object tended to pass
through the switching plane to increase overshoot. In such a
case, the control object could not converge promptly to the
switching function.

SUMMARY OF THE INVENTION

The present invention aims at solving the above men-
tioned problems. With an electronically controlled throttle
device, an object of the invention 1s to enable a good sliding
mode control to be performed so that the opening of the
throttle valve converges promptly to a switching plane even
when a target value 1s changed greatly.

Another object of the mvention 1s to 1mprove a response
characteristic 1n the sliding mode control, considering an
influence by a return spring urging the throttle valve 1 a
direction to return the throttle valve to an 1nitial position.

Yet another object of the invention 1s to converge the
throttle valve opening effectively, without having steady
deviation against the target value.

In order to achieve the above objects, the present inven-
fion 1s constituted:

when performing a sliding mode control of the opening of
a throttle valve mounted 1in an intake system of an
engine, to compute a control amount portion propor-
tional to a switching function utilized 1n the shding
mode control;

to compute a control amount portion corresponding to a
nonlinear spring torque of a return spring urging the
throttle valve 1n a direction to reduce the throttle valve
opening;

to compute a control amount of the opening of the throttle
valve including the control amount portion propor-
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2

tional to the switching function and the control amount
portion corresponding to the nonlinear spring torque;
and

to perform the sliding mode control of the throttle valve

opening based on the computed control amount.

According to this constitution, the control amount portion
proportional to the switching function o 1s included 1n the
control amount. Therefore, when a target value of the
throttle valve opening 1s changed greatly and separates
widely from the switching plane that 1s defined as 0=0, since
the control amount has a large control amount portion
proportional to the switching function o, the throttle valve
opening starts to approach the switching plane with a great
speed. As the throttle valve opening approaches the switch-
ing plane, the control amount portion proportional to the
switching function o reduces, and the speed 1 approaching
the switching plane 1s also reduced, thereby the throttle
valve opening reaches the switching plane while restraining
overshoot. After reaching the switching plane, the throttle
valve opening slides along the switching plane while the
direction of control 1s changed carefully, to converge to the
target value.

Accordingly, a high accurate sliding mode control of the
throttle valve opening can be performed while ensuring a
high response characteristic with little influence from dis-
turbance.

Moreover, since the control amount includes the control
amount portion corresponding to the nonlinear spring torque
of the return spring, uncertainty element 1s reduced, enabling
a higher response control.

In addition to the above-mentioned constitution, the
switching function may be computed so as to include, as
components, the actual opening of the throttle valve, a
differential value of the actual opening, and an integral value
of a deviation between the actual opening and a target
opening.

According to the above constitution, provided that the
switching function S=a.1-0+a2-0'+a3-[(0-r)dr (wherein 0O:
actual opening, r: target opening), during convergence in an
initial system state, becomes 0=0, the differential value of O
1s 0'=0, and the integral value of the deviation between 0 and
r is [(6-r)dr=0, and as a result, the switching function S
equals 0. Moreover, even during convergence 1n the state
other than the initial state (0'=0), .1 and a3 can be set so that
switching function S=al-+6+03-[(8-r)dr=0.

Accordingly, the switching function S can be always 0
during convergence 1n all states of the system. As a result,
it 15 possible to realize a control system having no steady
deviation. Moreover, there 1s no need to switch a gain of
linear term control amount 1n order to constrain the valve
opening to the switching plane (S=0), which leads to
reduced ROM constant, and saving of ROM capacity.

Further, the control amount corresponding to the nonlin-
car spring torque may be computed to be a value variable
according to the throttle valve opening.

The return spring 1s provided with a set load at the throttle
valve opening=0 as a drag to a stopper. Therefore, for
example the control amount portion corresponding to the
nonlinear spring torque of the return spring 1s not provided
when the throttle valve opening =0, resulting in the control
amount portion=0. When the throttle valve opening 1s larger
than 0, the control amount portion obtained by adding the set
load to an urging force against the elasticity of the return
spring corresponding to the throttle valve opening 1s pro-
vided.

According to this constitution, the control amount may be
computed with a high accuracy so as to cope with the
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nonlinear spring torque to be changed according to the
throttle valve opening.

Further, the computed value of the control amount of the
throttle valve opening may include at least one of a control
amount portion proportional to a deviation between an
actual opening and a target opening of the throttle valve, a
control amount portion proportional to a differential value of
the actual opening of the throttle valve and a control amount
portion proportional to the elasticity of the return spring of
the throttle valve, 1n addition to the control amount portion
proportional to the switching function and the control
amount portion corresponding to the non-linear spring
torque.

According to this constitution, the control with a higher
response characteristic can be performed by using the com-
puted value.

Moreover, the control amount corresponding to the non-
linear spring torque may be computed to be values different
from each other during increase of the throttle valve opening
and during decrease of the throttle valve opening.

The nonlinear spring torque of the return spring has
hysteresis caused by friction and the like according to the
open/close directions of the throttle valve opening.
Therefore, the control amount corresponding to the nonlin-
car spring torque 1s computed to be values different from
cach other according to the hysteresis during increase of the
throttle valve opening and during decrease of the throttle
valve opening.

In this way, a higher response control can be performed
using the computed value.

Furthermore, the control amount corresponding to the
nonlinear spring torque may be computed to be an 1nterme-
diate value obtained by averaging the values different from
cach other during increase of the throttle valve opening and
during decrease of the throttle valve opening.

According to this constitution, a simple control can be
performing while ensuring a good response characteristic by
using a single mtermediate value obtained by averaging the
different values according to the hysteresis of the nonlinear
spring torque.

The other objects and features of this invention will
become understood from the following description with
reference to the accompanying drawings.

BRIEF EXPLANAITION OF THE DRAWINGS

FIG. 1 1s a diagram showing the overall system of an
embodiment according to the present invention;

FIG. 2 1s a diagram showing a model of the electronically
controlled throttle device according to the above embodi-
ment,

FIG. 3 1s a graph showing the axial torque property of the
above-mentioned electronically controlled throttle device;

FIG. 4 a diagram showing the state of variation during the
control of the above-mentioned embodiment; and

FIG. 5 1s a control block diagram of the above embodi-
ment.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

An embodiment of the present invention will now be
explained with reference to the drawings.

FIG. 1 shows an engine equipped with an electronically
controlled throttle device applied with the sliding mode
control according to the present invention, and a control
system thereof. Air 1s sucked into an engine 1 through an air
cleaner 2, an intake duct 3, a throttle chamber 4 and an intake

manifold 5.
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4

An airflow meter 6 for detecting an intake airtlow quantity
() 1s mounted to the mtake duct 3.

A throttle valve 8 driven by an actuator (motor) 7 is
mounted to the throttle chamber 4, for controlling the intake
arrflow quantity Q.

An electromagnetic fuel mjection valve 9 1s provided on
the intake manifold § for each cylinder, for injectingly
supply fuel to the cylinder.

Moreover, detection signals from various sensors are
mput to a control unit 13 equipped with a microcomputer.
The various sensors mclude a crank angle sensor 10 that
outputs a reference signal for every predetermined crank
angle position corresponding to a specific stroke of each
cylinder and further outputs a unit crank angle signal at
every unit crank angle (for example, 1 degree or 2 degrees),
a water temperature sensor 11 for detecting the engine
cooling water temperature, and a throttle sensor 12 for
detecting the opening of the throttle valve 8.

The control unit 13 detects the engine rotation speed Ne
by measuring the cycle of the reference signal output from
the crank angle sensor 10 or the number of mput of the unit
crank angle signal within a fixed time, and performs the fuel
injection control and the ignition control according to the
operating condition of the engine obtained based on other
detection signals, and further performs the opening control
(throttle control) of the throttle valve 8 utilizing a sliding
mode control according to the present invention through the
actuator 7.

The throttle control based on the sliding mode control will
now be explained.

The equation of state 1s obtained based on the mathemati-
cal model of the electrical system and the mechanical system
of the electronically controlled throttle device (refer to FIG.
2).

The mathematical model of the electrical system 1s rep-
resented as the following formula.

L-(dl/dt)+RI+Kv-(d6/dt)=U (1)

The mathematical model of the mechanical system 1s
represented as the following formula.

J-(d26/dt%)+D-(d6/dt)+F(0)+d=Kf'I (2)

Each parameter in formula (1) and (2) are as follows.
O[rad]: actual opening of the throttle valve (=motor)
[[A]: current provided to R/SOL (motor)

U[V]: R/SOL (motor) voltage (set as control input)
J[kgm*]: moment of inertia

D[NMs/rad]: viscous drag coefficient
F(0)[Nm]: spring torque of return spring
Kf]Nm/A]: torque coefficient

[JH]: coil inductance

R[Q]: resistance

Kv| Vs/rad]: counter electromotive voltage constant

d: disturbance torque caused by modeling error and the
like
Firstly, formula (1) is deformed as I=(V-Kv-0'-L-I)/R,
and then assigned to formula (2) as follows:

J'R-0"+(D-R+Kv-Kf)0'+R-F(0)=Kf{ U~ (R/Kf)-d-L-I'}=Kf(U-dI)

where dI=(R/Kf)-d+L:T (3)

Here, according to the axial torque—angle characteristics
of the ETC (electronically controlled throttle device) (refer
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to FIG. 3), the spring torque F (0) of the return spring is
represented as the following formula.

F(0)=k-0+Fd(0), wherein if 0>0, then Fd(0)=Pa (opening increas-
ing) or Pd {opening decreasing), and if 0=0, then Fd(0)=0 (4)

k: spring constant [ Nm/rad]
Pa: nonlinear spring torque during increase of opening,

Pd: nonlinear spring torque during decrease of opening
Formula (4) is assigned to formula (3) as follows:

J-R-0"+(D-R+Kv-KH0'+R {k-0+Fd(6) } =Kf(U-dI)0"=— (D/J+Kv-Kf/
TR)6'- (k-0+Fd(6)/J+Kf(U-dI)/IR (5)

When r 1s set as target opening, and the state variable 1s
set as X=[60'[(6-0r)dt]’, the equation of state is represented
by the following formula.

X'=A-X+B-U+g-0r+hl-dI+h2-Fd(6) (6)
0 1 0

A=|-kjJ —(D/J+Kv-KfjJ-R) 0
1 0 0

B=[0 Kf/JR 0] g=[0 0-1]"

h1=[0-KfJR 0] h2=[0-1/T 0]"
Next, the switching function a 1s designed as the follow-
ing formula using the state variable X.

o=aX=[al 1a3[X (7)

Next, the equivalent control input during the time the state
has reached a switching plane and sliding mode has occurred
1s computed.

When sliding mode has occurred, the next formula exists.

O=0"'=0

(8)

The control mput at this time 1s equivalent to the equiva-
lent control input Ueq, and based on formulas (6) and (8), it
1s represented by the following formula.

o'=aX'=0{A-X+B-Ueq+g-0r+h1-h2+h2-Fd(0) }=0—=Ueq=—(aB)~

1{aA-X+a-g0r+a-hl-d+a-h2-Fd(0)} (9)

When assigning formula (9) to formula (6),

X' = {I (unit matrix) — B(a-B) 'alA- X! — B(a-B)- (10)

(@-g-Or+a-hl-g+a-h2-Fd@)+g-6r+

hi-dl+ h2- Fd@)

-0 1 07 T 0]
=|—-a3 —aof 0|X-|—-a3 |br.
1 0 0] 1

When the term of 0" is taken out of formula (10), the
formula becomes

0"=-03-0-01-0"+0-3r (11)

and when Laplace transform is performed to formula (11),
the formula represents the transmission function G (S) of the
whole system.

S$*0(S)=—a3-0(S)+al-S-6(S)+a3-R(S)—=G(S)=0(S)/R(S)=a3/(S"+
al-S+a3) (12)

On the other hand, when the whole system 1s set as a
secondary vibration system, with the natural frequency

10

15

20

25

30

35

40

45

50

55

60

65

6

[rad/Sec]set as w and damping function set as C, the transfer
function becomes;

G(S)=0(S)/R(S)=K(S*+2C-w-S+w?)K: constant gain. (13)

From formulas (12) and (13),

al=2Cw, al3=n". (14)

Therefore, the switching function o can be computed
based on (7) and (14) by the following formula.

o=[2C-w1w?][66' [ (6-0r)dt]' =2T-w-0+0'+0 [ (6-0r)dt (15)

Utilizing the switching function o set as above, the
control amount U of the present unit i1s computed as follows.

U=Ueq+Unl+UIl+Uf (16)

Here, Ueq 1s an equivalent control input excluding the
control mput corresponding to the disturbance torque d and
the control 1nput corresponding to the nonlinear spring
torque Fd (0) of formula (9), and is shown as the following
formula.

Ueq=—(a-B) ' (a-A-X+0-g-0r) (17)

Further, Unl and Ul are control mputs for reaching the
switching plane and for removing the influence from
disturbance, and in formula (9), are set as a control input
corresponding to the disturbance torque d. Of these two, Unl
1s set using the switching function o as the following
formula, similar to the nonlinear term 1n a conventional
sliding mode control.

Unl=y-(a-p)~(0/|o]) (18)

In other words, Unl 1s set as a feedback control amount,
the positive and negative of which 1s switched every time the
switching plane (the state of which i1s defined as 0=0) is
crossed. It comprises a basic function of the sliding mode
control, wherein after the state reaches the switching plane,
it slides along the switching plane to approach the target
value.

On the other hand, Ul is set as a control mput according
to the present invention, set as a value multiplying the gain
to the switching function o, as shown 1n the following
formula.

Ul=A-(avB) "o (19)

UT 1s a control mput corresponding to the offset torque
according to the nonlinear spring characteristic of the return
spring urging the throttle valve 1n the direction to reduce the
throttle valve opening, which 1s computed by the following
formula.

Uf=—(cB) "a-h2-Fd(0)=(R/Kf):(Pa+Pd)/2(when 6>0)=0 (when
0=0) (20)

As mentioned above, the control amount portion Ul
proportional to the switching function o 1s included as the
linear term 1n the control amount U. Therefore, as shown 1n
FIG. 4, when the target opening of the throttle valve 1is
changed greatly and separates widely from the switching
plane (0=0), since the control amount U has a large control
amount portion Ul proportional to the switching function o,
the throttle valve opening approaches the switching plane
with a greater speed. As the throttle valve opening
approaches the switching plane, the control amount portion
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Ul proportional to the switching function o reduces, and the
speed 1n approaching the switching plane 1s also reduced,
thereby the throttle valve opening reaches the switching
plane while restraining overshoot. After reaching the switch-
ing plane, the throttle valve opening slides along the switch-
ing plane while the direction of control 1s carefully changed,
to converge to the target value.

Accordingly, a high accurate control of the throttle valve
opening can be performed while ensuring a high response
characteristic with little influence from disturbance.

Moreover, by computing distinctively the control amount
portion UTf corresponding to the nonlinear spring torque of
the return spring, uncertainty element 1s reduced, enabling a
higher response control.

FIG. 5 1s a control block diagram of the above-mentioned
embodiment. As shown, the switching function o (n) is, as
disclosed in formula (15), composed of the throttle valve
actual opening O (n), the differential value of the actual
opening 0 (n), and the integral value of the deviation (error
amount) between the actual opening 0 (n) and the target
opening Or (n).

The linear term 1s computed by adding a proportional
accession portion Ul (n) proportional to the switching func-
tion 0. (n) to the proportional portion Up (n) proportional to
the error amount, the angular velocity portion Ud (n) pro-
portional to the differential value, and the linear spring
torque portion Ulf (n) proportional to the elasticity of the
return spring.

On the other hand, the nonlinear term 1s computed by
adding the nonlinear spring torque portion Unlf (n) of the
return spring to the relay portion Unl (n), the positive and
negative of which 1s switched according to the direction to
cross the switching surface.

The linear term and the nonlinear term are added to
compute the control amount U (n).

In the above mentioned embodiment, in order to simplify
the control, an intermediate offset torque portion Ut obtained
by averaging the values during increase of the throttle valve
opening and during decrease of the throttle valve opening 1s
computed for the nonlinear spring torque of the return spring
having hysteresis caused by friction and the like. However,
an even more accurate control can be performed using
separately computed values for throttle valve opening
increase [ Uf=(R/K{f)-Pa] and throttle valve opening decrease
| Uf=(R/Kf)-Pd].

The entire content of Japanese Patent Application No.

11-330448 filed on Nov. 19, 1999 1s incorporated herein by
reference.

We claim:

1. A sliding mode control unit of an electronically con-
trolled throttle device, for electronically controlling the
opening of a throttle valve mounted in an intake system of
an engine through a sliding mode control, comprising,

a switching function proportional portion computing
means for computing a control amount portion propor-
tional to a switching function utilized 1n said sliding
mode control;

a nonlinear spring torque portion computing means for
computing a control amount portion corresponding to a
nonlinear spring torque of a return spring urging said
throttle valve 1 a direction to reduce the opening of
said throttle valve;

a control amount computing means for computing a
control amount of the opening of said throttle valve
including the control amount portion proportional to
said switching function and the control amount portion
corresponding to said nonlinear spring torque; and

5

10

15

20

25

30

35

40

45

50

55

60

65

3

a sliding mode control means for performing the sliding
mode control of said throttle valve opening based on
said computed control amount.

2. The shiding mode control unit of an electronically
controlled throttle device according to claim 1, further
comprising a switching function computing means for com-
puting the switching function of said sliding mode control
including as components the actual opening of said throttle
valve, a differential value of said actual opening, and an
integral value of a deviation between said actual opening
and a target opening.

3. The shiding mode control unit of an electronically
controlled throttle device according to claim 1, wherein said
control amount computing means computes a control
amount of the opening of said throttle valve including the
control amount portion proportional to said switching
function, the control amount portion corresponding to said
nonlinear spring torque and a control amount portion pro-
portional to a deviation between an actual opening and a
target opening of the throttle valve.

4. The sliding mode control unit of an electronically
controlled throttle device according to claim 1, wherein said
control amount computing means computes a control
amount of the opening of said throttle valve including the
control amount portion proportional to said switching
function, the control amount portion corresponding to said
nonlinear spring torque and a control amount portion pro-
portional to a differential value of an actual opening of the
throttle valve.

5. The sliding mode control unit of an electronically
controlled throttle device according to claim 1, wherein said
control amount computing means computes a control
amount of the opening of said throttle valve including the
control amount portion proportional to said switching
function, the control amount portion corresponding to said
nonlinear spring torque and a control amount portion pro-
portional to the elasticity of said return spring of the throttle
valve.

6. The sliding mode control unit of an electronically
controlled throttle device according to claim 1, wherein the
control amount corresponding to said nonlinear spring
torque 1s computed to be a value variable according to the
throttle valve opening.

7. The sliding mode control unit of an electronically
controlled throttle device according to claim 1, wherein the
control amount corresponding to said nonlinear spring
torque 1s computed to be values different from each other
during increase of the throttle valve opening and during
decrease of the throttle valve opening.

8. The sliding mode control unit of an electronically
controlled throttle device according to claim 1, wherein the
control amount corresponding to said nonlinear spring
torque 1s computed to be an intermediate value obtained by
averaging values different from each other during increase
of the throttle valve opening and during decrease of the
throttle valve opening.

9. A sliding mode control method of an electronically
controlled throttle device, for electronically controlling the
opening of a throttle valve mounted in an intake system of
an engine through a sliding mode control, comprising the
steps of:

computing a control amount portion proportional to a
switching function utilized 1n said sliding mode con-
trol;

computing a control amount portion corresponding to a
nonlinear spring torque of a return spring urging said
throttle valve 1n a direction to maintain an initial

opening;
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computing a control amount of the opening of said throttle
valve including the control amount portion propor-
tional to said switching function and the control amount
portion corresponding to said nonlinear spring torque;
and

performing the sliding mode control of said throttle valve

opening based on said computed control amount.

10. The sliding mode control method of an electronically
controlled throttle device according to claim 9, further
comprising the step of:

computing the switching function of said sliding mode

control including as components the actual opening of
said throttle valve, a differential value of said actual
opening, and an 1ntegral value of a deviation between
said actual opening and a target opening.

11. The sliding mode control method of an electronically
controlled throttle device according to claim 9, wherein the
computation of a control amount of said throttle valve 1s
performed by computing a control amount including the
control amount portion proportional to said switching
function, the control amount portion corresponding to said
nonlinear spring torque and a control amount portion pro-
portional to a deviation between an actual opening and a
target opening of the throttle valve.

12. The sliding mode control method of an electronically
controlled throttle device according to claim 9, wherein the
computation of a control amount of said throttle valve 1s
performed by computing a control amount including the
control amount portion proportional to said switching
function, the control amount portion corresponding to said
nonlinear spring torque and a control amount portion pro-
portional to a differential value of an actual opening of the
throttle valve.
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13. The sliding mode control method of an electronically
controlled throttle device according to claim 9, wherein the
computation of a control amount of said throttle valve 1s
performed by computing a control amount including the
control amount portion proportional to said switching
function, the control amount portion corresponding to said
nonlinear spring torque and a control amount portion pro-
portional to the elasticity of said return spring of the throttle
valve.

14. The sliding mode control method of an electronically
controlled throttle device according to claim 9, wherein the
control amount corresponding to said nonlinear spring
torque 1s computed to be a value variable according to the
throttle valve opening.

15. The sliding mode control method of an electronically
controlled throttle device according to claim 9, wherein the
control amount corresponding to said nonlinear spring
torque 1s computed to be values different from each other
during increase of the throttle valve opening and during
decrease of the throttle valve opening.

16. The sliding mode control method of an electronically

controlled throttle device according to claim 9, wherein the
control amount corresponding to said nonlinear spring
torque 1s computed to be an intermediate value obtained by
averaging values different from each other during increase
of the throttle valve opening and during decrease of the
throttle valve opening.
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